Novel topological state of matter is one of the rapidly growing fields in condensed matter physics research in recent times. While these materials are fascinating from the aspect of fundamental physics of relativistic particles, their exotic transport properties are equally compelling due to the potential technological applications. Extreme magnetoresistance and ultrahigh carrier mobility are two such major hallmarks of topological materials and often used as primary criteria for identifying new compounds belonging to this class. Recently, LaBi has emerged as a new system, which exhibits the above mentioned properties. However, the topological nature of its band structure remains unresolved. Here, using the magnetotransport and magnetization measurements, we have probed the bulk and surface states of LaBi. Similar to earlier reports, extremely large magnetoresistance and high carrier mobility have been observed with compensated electron and hole density. The Fermi surface properties have been analyzed from both Shubnikov-de Haas and de Haas-van Alphen oscillation techniques. In the magnetization measurement, a prominent paramagnetic singularity has been observed, which demonstrates the non-trivial nature of the surface states in LaBi. Our study unambiguously confirms that LaBi is a three-dimensional topological insulator with possible linear dispersion in the gapped bulk band structure.
Materials with large magnetoresistance (MR) have always attracted attention due to their possible applications in magnetic valves, sensors and memory device technology 1−3 . While the realization of giant and colossal MR have been proved to be major steps forward in this field 4−6 , the recent discovery of extreme MR (XMR) in topological materials 7−9 , has further stimulated interests in such systems. Here, the XMR is believed to appear, when the applied magnetic field lifts the symmetry protection of the spin-locked states 7 . The coexistence of topologically distinct surface and bulk states is the unique characteristic feature of electronic band structure in topological insulators (TI) and semimetals (TSM). In TI, the time reversal symmetry protected metallic surface state is accompanied by insulating bulk state, whereas TSM hosts linear band crossings in their bulk band structure. Furthermore, the discovery of three-dimensional Dirac/Weyl fermions as quasi particle excitations in the bulk band structure 10, 11 and observation of relativistic phenomena such as Adler-Bell-Jackiw chiral anomaly (signature of Weyl fermions) 12, 13 , have made the TSM as one of the fascinating topics in condensed matter physics research. Therefore, theoretical prediction and experimental realization of new materials belonging to different topological classes, are going on in full swing.
Recently, from the first-principles calculations 14 , the members of the family of rare earth monopnictides LaX (X = N, P, As, Sb, Bi) have been predicted to be potential candidates for TSM and TI. Several magnetotransport studies have demonstrated XMR in both LaSb and LaBi 15−18 . However, little information is available on the topological nature of their band structure. In fact, for both the systems, the XMR has been attributed to the compensated electron and hole density rather than any non-trivial electronic band topology 16, 19 . On the other hand, it is always experimentally challenging to probe the topological nature of the surface state, which can settle the debate once and for all. LaBi is the end member of the LaX family with strongest spin-orbit coupling (SOC) and shares many similarities with LaSb. With increasing atomic number from N to Bi, the increasing SOC is predicted to open a gap in the bulk at the band crossing points and thus can induce a topological transition from semimetal to insulating phase 14 . While contradicting ARPES reports exist in literature claiming both trivial and non-trivial topological states in LaSb 20, 21 , recent ARPES studies have demonstrated multiple Dirac nodes at the surface of LaBi 21−24 . Therefore, detailed investigations are required, which would not only resolve the topological nature of LaBi but also can shed some light on the electronic band structure of other members of this family.
Herein, we have used the magnetotransport and magnetization measurements to probe the nature of the bulk and surface electronic band structure of LaBi. In several earlier studies on LaBi, the Fermi surface properties have been analyzed from the Shubnikov-de Haas (SdH) oscillation observed in the MR. Despite high sample quality, the number of Fermi pockets reported by different groups do not converge 16, 17, 25 . This discrepancy in reported results may be the inherent problem of this technique. As the SdH oscillation is sensitive to quantum interference effects or noise from the electrical contacts, it may not be possible to separate some oscillation components, especially when the amplitude of oscillation is small. Therefore, to complement the SdH oscillation results we have also analyzed the de Haas-van Alphen (dHvA) oscillation in the magnetization measurement. This technique is not only free from interference effects, but the appearance of much sharper and readily distinguishable oscillation peaks down to very low magnetic field suggests that dHvA is a much better probe to study the Fermi surface properties than the SdH technique, which often requires high magnetic fields. The calculated Berry phase from both the oscillations confirms the presence of three-dimensional (3D) Dirac fermions in LaBi. In addition to the quantum oscillations, a robust paramagnetic singularity in magnetic susceptibility is observed at low fields, which originates from the electronic states near 2D surface Dirac nodes of a TI. Thus the present work reveals the topological insulating phase in LaBi together with linear dispersion in the gapped bulk states. To the best of our knowledge, this is the first magnetization report on LaBi, which explores the topological nature of its band structure and confirms the theoretical prediction as well as the recent ARPES results. The non-trivial surface state of a topological material can also be explored through Aharonov-Bohm oscillation. However, this technique requires large surface-to-volume ratio to minimize the bulk dominated transport and hence can only be observed in samples with reduced dimension such as nanowire, nanoribbon etc 26, 27 .
Results
Sample characterization. Fig. 1(a) shows the X-ray diffraction (XRD) pattern for the LaBi single crystal along the (1 0 0) plane. Presence of very sharp (h 0 0) peaks in diffraction pattern confirm the high crystalline nature of the grown crystals. LaBi crystallizes in a rock salt type structure with space group Fm3m. From the XRD pattern, the lattice parameter is deduced to be a=6.5703(2)Å, which is consistent with the earlier reports 17, 25 . In the inset, a typical single crystal is shown with different crystallographic directions, along which measurements have been performed. The a-axis is along [h 0 0] direction. The XRD has been performed on several single crystals from the same batch. While the peak intensity has been seen to vary, no impurity phase was detected within the experimental resolution. In Fig. 1(b) , the high-resolution transmission electron microscopy (HRTEM) image clearly illustrates the high quality crystalline nature of the LaBi samples. From the Fourier filtered HRTEM image [ Fig. 1(c) ], an interlayer spacing d=3.32(4)Å is determined along (2 0 0) plane, which agrees with that calculated from the XRD data (d=a/2). The energy-dispersive X-ray (EDX) spectroscopy data, shown in Fig. 1(d) , confirm almost perfect stoichiometry [La:Bi = 1:1.08] and the absence of any impurity in the LaBi crystals. The maximum relative error in the calculated atomic ratio is ∼5%. The copper and carbon signals in the spectrum are coming from the carbon coated copper grid on which the samples were mounted for HRTEM.
Temperature dependence of resistivity and extreme magnetoresistance. The resistivity of LaBi single crystal has been measured with current along c-axis and magnetic field along a-axis. As shown in Fig. 2(a) , the zero-field resistivity (ρ xx ) is metallic in nature and decreases monotonically as the temperature decreases. At 2 K, ρ xx becomes as small as ∼130 nΩ cm, yielding a large residual resistivity ratio [RRR = ρ xx (300 K)/ρ xx (2 K)] ∼350. At low temperature the resistivity obeys a power-law behavior, ρ xx (T ) = ρ 0 + AT n with n∼3. When the magnetic field is applied, ρ xx is seen to increase and a metal-semiconductor like crossover starts to appear along with resistivity plateau. Such kind of resistivity behavior is a generic feature for the TSMs 8,9,28 and can be explained from Kohler scaling analysis 29, 30 . From the ∂ρ xx /∂T curves [ Fig. 2 (a) inset], two characteristic temperatures can be clearly identified. The crossover temperature (T m ), where the slope of ρ xx (T ) curve changes its sign and T i , the point of inflection. Slightly below this temperature (T i ), resistivity starts to saturate. T m increases monotonically with field and follows a T m ∝ (B − B 0 ) 1/ν type relation with ν ∼2 above a critical field B 0 ∼1 T, which is similar to that observed in several compensated semimetals 29, 31 . On the other hand, T i is almost independent of the applied magnetic field strength.
With the same current and magnetic field configurations, an extremely large and non-saturating MR ∼ 4.4×10 , which is consistent with the earlier reports on LaBi 16,17 and comparable to that reported for several TSM candidates 29, 32 . However, with increasing temperature the value of MR decreases rapidly and becomes only ∼ 6 % at 300 K and 9 T. The fitting in the inset of Fig. 2(b) suggests that the MR curve obeys a power law, MR ∝ B m with m ∼1.7. The observed power-law behavior is close to the parabolic field dependence (MR∝B 2 ), which is expected for compensated semimetallic systems from classical two-band theory 33 .
Shubnikov-de Haas oscillation and Hall measurement. In Fig. 2 (c), the oscillatory component of the resistivity [∆ρ xx (B)] is plotted after subtracting a fifth order polynomial background from the experimental data. To decide the appropriate polynomial order, we have subtracted higher as well as lower order polynomial background. However, no visible change has been noticed above fifth order, which replicate the background most appropriately. Also, by comparing the results obtained after polynomial background and smooth background subtraction, we did not find any difference. The fast Fourier transform (FFT) analysis of ∆ρ xx (B) in the inset of Fig. 2(c) , reveals an oscillation frequency 273(5) T, which is consistent with the earlier report by Tafti et al. 25 On the other hand, both Sun et al. 16 and Kumar et al. 17 have reported the presence of an additional higher frequency component in LaBi. However, from our SdH oscillation data, we are not able to resolve any additional frequency, which may be due to very weak nature of oscillation for the higher frequency component within the measured field and temperature range. On the other hand, we have clearly resolved two Fermi pockets on the same piece of sample from our de Haas-van Alphen (dHvA) oscillation data to be discussed later. Using the Onsager relation, F = (φ 0 /2π
2 )A F , where φ 0 is the single magnetic flux quantum, we have calculated the Fermi surface cross-section (A F ) ∼2.6(1)×10 −2Å −2 perpendicular to the a-axis. The corresponding Fermi momentum (k F ) and Fermi velocity (v F ) are calculated to be 9.1(2)×10 
, which can provide a rough estimate on the mobility of the charge carriers. However, the quantum mobility is always expected to be lower than the classical Drude mobility 34 . The Berry phase acquired by the charge carriers can provide more information about the nature of electronic band structure in LaBi. According to Lifshitz-Onsager rule, a closed orbit in magnetic field is quantized as 35 ,
where 2πβ is the Berry phase. δ is a phase shift, which has a value 0 and ± 1/8 for 2D and 3D band structures, respectively. The Berry phase is 0 for the conventional metals with parabolic band dispersion and π for the Dirac/Weyl type electronic system with linear band dispersion. For quantum oscillation with single frequency, the parameter γ − δ = 1 2 − β − δ, can be extracted from the x-axis intercept in the Landau level index plot and will remain within the range -1/8 to +1/8 for 3D Dirac fermions 35 . In Fig. 2(d) , the Landau level fan diagram is plotted from the SdH oscillation, assigning maxima as integers and minima positions as half-integers. The obtained intercept [∼-0.13 (2) ] is close to the theoretical range for 3D Dirac fermions but far from that expected for a parabolic dispersion (intercept ∼0.5), which clearly demonstrates the presence of 3D Dirac fermions in LaBi.
The density and classical Drude mobility of the charge carriers can be determined from the Hall resistivity data, as has been shown in Fig. 4 . While the Hall resistivity (ρ xy ) is positive and almost linear at high temperature, it becomes slightly non-linear and changes sign at low temperature. Therefore, both electron and hole pockets are present in LaBi. In the inset of Fig. 3 , the Hall resistivity is fitted using classical two-band model 36 ,
where n h (n e ) and µ h (µ e ) are density and mobility of the holes (electrons), respectively. de Haas-van Alphen oscillation and Fermi surface properties. In Fig. 4(a) , the results of magnetization measurements have been shown with magnetic field along a-axis. Similar to other TSMs, a diamagnetic behavior has been observed along with very clear dHvA oscillations. In contrast to the SdH oscillation, which can be seen only up to 8 K, dHvA can be easily resolved even at 15 K. At lowest measured temperature (2 K), weak but detectable oscillations have been observed down to 0.8 T, which corresponds to a magnetic length l B = h/eB ≈ 29 nm. This large magnetic length indicates high quality of the LaBi single crystals. The oscillatory component (∆M) has been extracted after subtracting a smooth background and plotted in Fig. 4(b) . In the inset, the FFT spectrum is shown, which clearly reveals two oscillation frequencies 266(1) T and 598(2) T. The presence of more than one frequency component is also evident from the small but sharp oscillation peak adjacent to each higher amplitude peak in Fig.  4(b) [also see Fig. 4(d) ]. The sharp peaks in the FFT spectrum indicate almost no error in the frequency deduced using this techniques. On the other hand, due to the relatively broad nature of the peak in FFT spectrum, the error in the frequency value is higher in SdH oscillation compared to dHvA. This is expected as larger number of oscillation peaks have been used for dHvA oscillation analysis compared to few cycles of oscillation obtained in SdH measurement. Furthermore, quantum oscillations are expected to appear in very clean samples, i.e., where the conductivity and hence mean free path is very high. Therefore, to obtain appropriate electrical signals for SdH oscillation, quite high current is needed. This can cause local heating and blur the finer details of the oscillation. However, dHvA technique is free from such drawback. From the Onsager relationship, the Fermi surface cross-sections have been calculated to be 2.53(1)×10 −2Å −2 and 5.70(2)×10 −2Å −2 , for smaller and larger pockets, respectively. The temperature damping of the FFT amplitude is shown in Fig. 4(c) and has been fitted using L-K formula. From the fitting parameters, we have deduced effective mass 0.11(3)m 0 and 0.07(2)m 0 for 266(1) T and 598(2) T, respectively. Prominent dHvA oscillations have also been observed, when the magnetic field is applied along other two crystallographic axes. While the oscillation frequencies are same for a-and c-axis, both peaks in FFT spectrum slightly shift towards higher values [272(1) T and 602(2) T] for magnetic field along b-axis. As LaBi possesses cubic symmetry, which has also been confirmed from our X-ray diffraction and transmission electron microscopy measurements, it is expected that these three crystallographic axis should be equivalent. On the other hand, the hole pocket in LaBi has been seen to be highly anisotropic 17 . Therefore, a slight misalignment of the magnetic field and b-axis may result in this small deviation. The Fermi surface parameters calculated from both the quantum oscillation techniques are summarized in TABLE I. The small difference in the frequency values, obtained from these two techniques, may be partially due to a small misalignment of the magnetic field and or the higher error in the SdH frequency as we have discussed earlier. However, the difference in the number of Fermi pockets, probed in these two methods, can not be explained from such arguments. There are several reports on cyclotron resonance experiment and theoretical works for LaBi and isostructural compound LaSb, as these are quite old systems 38−41 . Moreover, dHvA oscillation has been studied in LaSb 42 . The cyclotron mass (varies between 0.13-0.33m 0 for two branches) and extremal Fermi surface cross-section calculated in those studies along [1 0 0] direction are in agreement with that obtained from our quantum oscillation data. As two frequencies are involved in the dHvA oscillation in LaBi, the Berry phase can not be extracted from the simple Landau level index plot. In such case, the experimental data can be described as a superposition of damped cosine-function for each frequency component, which is given by the complete L-K formula 43, 44 , Here, R T and R D are the thermal and field damping factors, respectively, as discussed before and R S = cos(πgm * /m 0 ). Fig. 4(d) shows the two-band L-K formula fitting with the experimental data. From the fitting parameters, the Berry phase has been calculated to be 2π(0.50(3)+δ) and 2π(0.46(2)+δ) for 266(1) T and 598(2) T frequency branches, respectively, which are close to the π Berry phase expected for the Dirac fermions. Small deviation in Berry phase value is quite common in these types of materials and can be associated with the Fermi surface anisotropy 44, 45 . The obtained Berry phase for both the Fermi pockets confirms the non-trivial nature of the electronic band structure in LaBi.
Paramagnetic singularity in magnetization measurement. The main characteristic feature of a 3D TI is the gapless surface state with odd number of Dirac nodes, which are protected by time reversal symmetry. The low-energy physics of these metallic surface states can be mathematically formulated using a Dirac-type effective Hamiltonian
, which leads to phenomenon like spin-momentum locking. Here, σ is the Pauli matrix. Hence, for a fixed translational momentum k, the spin has a fixed direction parallel to the sample surface 46, 47 . A corresponding helicity operator can be defined
, which yields values +1 and -1 for the lower and upper Dirac cones of the surface band structure, respectively. Therefore, each Dirac cone possesses a particular helicity -upper Dirac cone with left-handed and lower Dirac cone with right-handed spin texture. On the other hand, the electron spins at the Dirac point do not have any preferable orientation and are free to align along the external magnetic field as long as the Dirac cone is not gapped. In the low-field region, these freely oriented spins are predicted to generate a paramagnetic singularity in the M (B) curve, which should be reflected as a cusp in χ(B) plot 48 . The spin-texture of the surface state for a 3D topological insulator is shown schematically in Fig.  5 (a) both without and with magnetic field. Fig. 5(b) shows the low-field region of the M (B) curves for LaBi, when the magnetic field is applied along c-axis. While the magnetization data predominantly demonstrate diamagnetic behavior throughout the measured field range, a clear paramagnetic contribution is observed in the vicinity of zero field. In Fig. 5(c) , the corresponding susceptibility plots are shown at different representative temperatures. As predicted theoretically 48 , robust cusps have been observed at B=0, which persist up to room temperature. Similar low-field paramagnetic singularity, which originates due to the topologically non-trivial surface electronic states, has been previously reported in 3D TIs such as Bi 
where χ 0 , Λ, µ B and g are the background contribution, effective size of the momentum space contributing to the singular part of the total free energy, Bohr magneton and Landé g-factor, respectively. L is the thickness of the measured crystal and x is the fraction of the surface contributing, which is usually extremely small. As Eq. 4 suggests, χ(B) should decrease linearly with field, which is indeed observed in LaBi [ Fig. 5(c) inset] . The measurements were performed on several crystals from the same batch. While the cusp width varies slightly with the dimensions, as expected from Eq. 4, the general behavior remains unaltered. The results of the measurement on standard diamagnetic (Bi) and paramagnetic (Pd) samples [ Fig. 5(d) ] do not show any low-field singularity. Moreover, such a unique temperature independent behavior of χ for LaBi can not be explained assuming a small magnetic impurity in diamagnetic host and is distinct from the magnetic response of dilute magnetic semiconductors. So, the low-field magnetic response must be a intrinsic property of the measured crystals. Therefore, LaBi certainly hosts topological Dirac fermions in the surface state, which is in accordance with the recent ARPES reports 21−24 .
Discussion and Conclusions
LaBi has emerged lately as another new system with XMR and large carrier mobility. While a number of studies have been focused on the magnetotransport properties of LaBi, the topology of the electronic band structure remains substantially unexplored. Furthermore, the XMR is believed to appear in the electron-hole resonance regime due to the compensated semimetallic nature of LaBi. On the other hand, from the recent ARPES measurements, multiple Dirac cones have been observed at the surface of LaBi, which support the picture of a topological insulator, as also predicted by band structure calculation. In this report, we have combined the magnetotransport and magnetization measurements to probe the bulk Fermi surface along with the surface electronic states of LaBi. Similar to earlier reports, a non-saturating XMR (∼ 4.4×10
4 %) and field-induced resistivity turn-on behavior have been observed. The measured non-linear Hall resistivity reveals the presence of two types of carriers with high carrier mobility and almost perfectly compensated densities. The Fermi surface parameters have been calculated from both SdH and dHvA oscillations. Although both the techniques are widely used to study Fermi surface properties, our results clearly show the advantages of dHvA technique over the other. In the low-field region of the magnetization, for the first time in LaBi, a robust paramagnetic singularity has been detected, which persists up to room temperature. This behavior of magnetic susceptibility is the signature of the helical spin texture of a 3D TI surface state. On the other hand, the calculated Berry phase from both SdH and dHvA oscillations confirms the 3D Dirac fermionic nature of the charge carriers. These results can only be explained assuming a small gap in the bulk band structure due to the strong SOC and linearly dispersing bulk bands. Therefore, LaBi must be a three-dimensional topological insulator, which also hosts gapped Dirac cone in its bulk state. Thus from the present work we can comprehensively conclude the debate over the topological nature of the band structure in LaBi and confirm the results of ARPES and band structure calculations.
Methods
High quality single crystals of LaBi were grown using indium flux 16, 52 . Elemental La (Alfa Aesar 99.9%), Bi (Alfa Aesar 99.999%) and In (Alfa Aesar 99.999%) were taken in an alumina crucible in the molar ratio 1:1:20. The crucible was then sealed in a quartz tube under vacuum. The quartz tube was heated to 1000
• C, kept at this temperature for 5 h and then cooled slowly (4 • C/h) to 700 • C. At this temperature, indium is decanted in a centrifuge. Several single crystals of typical dimension 2×1.8×1 mm were obtained. The X-ray diffraction (XRD) spectrum of the single crystals was obtained in a Rigaku X-ray diffractometer. HRTEM of the grown crystals was done in an FEI, TECNAI G 2 F30, S-TWIN microscope operating at 300 kV and equipped with a GATAN Orius SC1000B CCD camera. EDX spectroscopy was performed using the same microscope with a high-angle annular dark-field scanning (HAADF) detector from Fischione (Model 3000). Transport measurements were performed in a 9 T Physical Property Measurement System (Quantum Design) by four-probe technique using the ac transport option. Magnetic measurements were done in a 7 T SQUID-VSM MPMS 3 (Quantum Design). Before doing the magnetic measurements on LaBi, empty sample holders were measured to ensure the absence of any contamination. The obtained data are more than two orders of magnitude smaller than that obtained with LaBi samples. The measurements were performed on several single crystals from the same batch, all producing similar results.
